Abstract. This work presents SVPWM modulation technique concepts in a simple
INTRODUCTION
Since some time, studies have been carried out for a three-phase induction motor to operate in high performance applications, including machines design changes so as to improve their characteristics, improve mathematical models to represent machines operation and, finally, with a significant number of published works, is the development of new algorithms and structures for drives control, realized in frequency control voltage inverters. Some of the subjects addressed in these works are scalar actuation, the field-oriented control method, as well as direct torque control.
From the presented methods, the scalar is the one of easier implementation, whose proposal is to maintain constant flow (V / f = constant) (Lima et al. 2012) .
The inverters are known as a type of electronic circuit converting direct current (DC) into alternate current (AC). The inverters are used in a variety of applications, such as: alternate current (AC) power generation, UPS switches (Power Up Switch), variable frequency drives, three-phase machines control, high power transmitter applications (HVDC). Currently the inverters are based on high speed and power transistors, the most common of these being the isolated port, the IGBT and MOSFET.
These electronic keys are controlled by pulses of constant amplitudes and variable widths.
Its control is made by a technique called pulse width modulation (PWM) that gave rise to several modulation techniques, among which are: modulation by hysteresis, harmonic elimination modulation (optimum MLP), sinusoidal modulation (SPWM), random modulation and vector space modulation (SVPWM). All, in one way or another, have contributed to the control of electric machines.
The modulation is the heart of the inverters and the choice of the model is a major problem in their design, since it determines the control greater or lesser reliability. The SPWM modulation technique is the most used since it is easy to implement and implies a low harmonics generation, when some recommendations are respected (Marcelino and Fiorotto 1999) .
The SVPWM modulation technique may present advantages mainly in the control of threephase induction motors (TIM), although due to computational complexity, this technique is almost always implemented by means of digital signal processors (Abood and Raheem 2014) . SVPWM also has relevant attributes for a better performance of electric machines, among them: the reduction of the total harmonic distortion (THD), the linear operating range, the loss of Joule effect due to the switching dynamics of the electronic keys and the use more efficient DC voltage. The SVPWM seeks to determine the switches commuters' control, determining the time of the ON/OFF states, as a function of the instantaneous position of the reference vector (Loong 2008 ).
This work, through an exploratory research of these discrete realizations modulations, simulated the generation of signals specific to a TIM, using a PIC family microcontroller and confronted the results as a function of the harmonics generation.
The implementation of the SVPWM modulation in a low-cost microcontroller, opens the possibility of use in products with specific characteristics. The EXCEL program was used to calculate the equations variables and to generate the vectors. For the simulation, the PSIM and PROTEUS programs were used and, finally, the MATLAB was used as a support resource to confirm some results.
THREE-PHASE INVERTER
Three-phase induction motors, due to their constructive nature, present a relative difficulty for their control. Among the topologies of inverters for motor control are converters of two, three and five levels, all seeking the construction of an almost pure sine wave. This work was developed based on two levels topology, the simplest and easiest implementation. The two-level power converter circuit, as shown in Figure 1 , is composed of a set of IGBT type electronic switches. These keys are controlled by six signals identified as SW1 to SW6. However, only three of these are sufficient for control logic (Gaballah 2013) . The most known modulation technique used for generating the circuit shown in Figure 1 control signals is SPWM. It is the result of comparison of three time discretized sine-wave signals, 120 ° apart, and a carrier signal, represented by a discretized triangular signal. Figure 2 shows the generation of a three-phase SPWM signal (SW1, SW2 and SW3). According to Figure 2 , the PWM signal can also be generated by another modulation method, SVPWM. It generates pulse width modulated pulses, directly at the processor output port, from a reference vector, for the periods construction (Ts), composed by eight sequentially chained signal segments, with times identified by: Ta, Tb and Tc. These times represent the signal permanence at high or low level in the construction of an octet. Figure 3 shows two typical periods of symmetric SVPWM modulation. 
SVPWM Technology
Three-phase induction motors operate when three sine signals are applied at their input terminals, out of phase with each other, as shown in Figure 4 . The inverters seek to generate a signal pattern close to Figure 4 from a circuit, e.g. the type illustrated in Figure 1 . The first step in generating the SVPWM for generating a switches low number, is to divide the Figure 4 signal period into points where at least two signals intersect, these points being adopted as the switching region, and, as a result, the period is divided into six sections, referred to as sectors (Wu et al. 2014 ). It is seen that the maximum output voltage in a two-level system is (2/3) * Vcc (Pereira Filho 2007) . This vectors mapping is characteristic of Six-Step type converters, presenting a low number of switches and, as a result, low switching losses are observed, desirable characteristics in any switched system. However, the output has a very high harmonic composition that can be minimized with the SVPWM switching technique (Kushwah and Wadhwani 2014) .
SVPWM Technique Implementation
The SVPWM has the mission of generating a three-phase switched signal with characteristics very close to those of sinusoidal controllers and, to achieve such characteristics, it should have, among others: low harmonic distortion, low switching losses, extensive linear operating region Unlike the SPWM technique that generates the PWM signal, separately, by comparing each of three senoids, with a single (triangular) carrier signal, the SVPWM treats these sine signals as if they were a single signal, called the reference voltage (Vref). This reference signal contains the characteristics of the three sine-wave signals and must be represented at the output by the states variations of the switches (SW1, SW2 and SW3) (Badran, Tahir, and Faris 2013) .
Symmetrical three-phase induction motors present complex modeling due to the three phase lag of 120 ° (Figure 4) . A transformation of this system to a two-phase system is possible by using the Clarke transform, which is a linear transform for three-phase systems. Actually, it transforms a symmetric three-phase machine (abc plane) into a symmetrical two-phase machine (plane where the Vref signal is generated, used in the SVPWM algorithm, with the advantages of maintaining constant the variables of torque, power and number of poles (Teixeira 2012) . The Clarke transform can be applied analytically by Eq. (1) (Ponder and Pham 2015) .
Where: Va, Vb and Vc are the voltages in the abc plane and Vd (real) and Vq (imaginary) are the voltages transformed to the orthogonal plane). 
Where:
Ts is the PWM switching period; (3), (4) and (5) allow for the computation of these times (Lakhimsetty et al. 2014 ).
Equations (3) and (4) can be rewritten as:
where:
Where: n = sector number (1 ... 6); Ts = time of the SVPWM period; 3 2 = angle of rotation of vector Vref, and m = modulation index, given by Vref Vdc .
Equations (3) and (4) were rewritten to obtain a static part (K), which defines the output signal characteristics, and a dynamic part, which determines the normalized amplitude as a function of rotation of vector Vref.
The value of period (Ts) of the SVPWM signal is computed by Eq. (9).
Np is the number of Ts periods;
f is the frequency given in Hertz.
SVPWM Strategy Modulation
According to Figure 8 it is seen that vector Vref rotates at a constant speed through the sectors: sector I (V1-V2); sector II (V2-V3); sector III (V3-V4); sector IV (V4-V5); sector V (V5-V6) and sector VI (V6-V1). Each sector operates with a conventional switching sequence, and Figure 9 shows that of sector I. Sector I conventional switching sequence takes place in two steps, the first indicated by the blue arrow, originating from vector 0 (null) and destination in vector 7 (null) and then indicated by the green arrow, originating from vector 7 and destination in vector 0. This sequence generates eight sequential switch vectors that are presented in Table 2 . Sector I Vectors 000 100 110 111 111 110 100 000
Applying the sequential switching to the remaining sectors, the switching vectors shown in Table 3 were generated. Time t40 t41 t42 t43 t44 t45 t46 t47
Sector VI Vectors 000 100 101 111 111 101 100 000
Times t0 to t47 are specific sequence events for six vector sets (Np = 6) SVPWM modulation. The switch vector information, according to Tables 2 and 3 
SIMULATIONS AND RESULTS
The aim of this article is to apply all previously presented concepts on the SVPWM modulation, through simulation of for three-phase induction motor controller, using a microcontroller of the PIC18F452 family, measuring the total harmonic distortion and confronting with an SPWM controller, under the same load conditions and with the same number of SVPWM periods.
Three-Phase Inverter with SVPWM Modulation
A PIC18F452 microcontroller operating at 40 MHz, reset circuit, a three-phase two-level power circuit with six switches, an inductive load, simulating the motor, and a differential circuit to measure current in the load, and two oscilloscopes, were inserted into the PROTEUS software oscilloscopes. 
Definition of Inverter Characteristics

Computations of Reference Vector Parking Positions
The reference vector displacement angle Â is obtained from Eq. (10) 
SVPWM Signal Period and Times Computation
The period is computed from Eq. (9):
From Eqs. (3), (4) and (5), it was possible to calculate times T1, T2 and T0 with the following input data: Vdc = 10 V, Vref = 5 V, f = 60 Hz and Np = 12. Results are given in Table 4 .
It is noted according to Table 4 , that inside a sector times T0, T1 and T2 have different values as a function of displacement of the Vref vector. As shown in Figure 11 , the Vref vector moves in sector I by 15 º and 45 º. The same values of T0, T1 and T2 of sector I are used in sectors II through VI, because the angular displacement of vector Vref, in each sector, presents the same relative displacement, otherwise this repetition would not occur.
PROTEUS SVCPWM Simulation
In order to control the circuit designed in PROTEUS, a software was written in C language, and the parameters of Table 4 were inserted into the program in the form of a search table. After the simulation, the output waveforms are presented according to Figure 12 . It is noted that, added to its fundamental, the three-phase signal presents a harmonic distortion. After an analysis in the frequency domain of this signal, the spectral result is presented in
Figure13.
Figure 13. Figure 12 signal frequency spectrum.
The value of total harmonic distortion, relative to Figure 13 is a THD of 3.4 %.
A Three-Phase Inverter SPWM Simulation
The circuit designed in PROTEUS has been changed to generate SPWM pulses for the control of SW1, SW2 and SW3 switches. The microcontroller was removed, three sinusoidal generators set at 60 Hz were inserted, by 120 º displaced phases and a triangular generator set at 720
Hz. These were compared to generate three pulsed SPWM signals, which were injected into the switches. These values were required to be compatible with the SVPWM modulation, with Np = 12.
All other parameters are also compatible. The simulation process in PROTEUS was triggered and the circuit generated three alternating and 120 º lagged waves. Figure 14 shows the result of simulation. From Figure 14 it is noted that, added to its fundamental, the three-phase signal has a harmonic distortion. After an analysis of this signal in the frequency domain, the resulting spectrum is shown in Figure 15 . Figure 15 . Figure 14 Signal frequency spectrum.
The total value of harmonic distortion, relative to Figure 15 , is a THD of 5.33 %.
It is concluded that for the same operating conditions, that is, 60 Hz fundamental frequency, same load and equivalent sampling frequency, the SVPWM modulator THD presented a lower value than the SPWM modulator THD.
New Output Signal Settings
In order to generate other output signal frequencies, the T0, T1 and T2 values should be changed. The amplitude may be altered by the variation of the modulation index and, when necessary, to further decrease the THD and the value of Np should be changed (18, 24, 30 ....) . As a result, new values of T0, T1 and T2, relative to each position of vector Vref, are obtained, but the computational load may be infeasible for a conventional microcontroller when these changes are constant in the process, which justifies the application of this technique by always using digital signal processors.
Activating an TIM at 60 Hz
The TIM drives with the SVPWM and SPWM modulations were simulated, configured so that the harmonic noise generated in the power grid was similar in both modulations. Thus, it was necessary to configure the SVPWM with Np = 24, which resulted in two preprogrammed tables with a total of 112 bytes. SPWM, peer-to-peer, required a total of 756 bytes in the preprogrammed table. Both tables were generated using two programs written in C language and later run on a low cost microcontroller, the PIC18F4550. The final result was:
a) The ability to rotate an TIM at 60 Hz, by both modulations;
b) The SVPWM The activation of an TIM at 60 Hz by both modulations, using pre-programmed tables,
showed that the SVPWM occupies 85.16 % less memory area for the tables, requiring less processing capacity of the microcontroller, since it only acts on the electronic keys in the effective decision moments and, consequently, more processing time remaining for the other tasks.
The use of pre-programmed tables reduced the processing load of SVPWM modulation, commonly used only in digital signal processors, with high processing capacity but with equally high costs.
